REV-ERBα, the NR1D1 (nuclear receptor subfamily 1, group D, member 1) gene product, is a dominant transcriptional silencer that represses the expression of genes involved in numerous physiological functions, including circadian rhythm, inflammation, and metabolism, and plays a crucial role in maintaining immune functions. Microglia-mediated neuroinflammation is tightly associated with various neurodegenerative diseases and psychiatric disorders. However, the role of REV-ERBα in neuroinflammation is largely unclear. In this study, we investigated whether and how pharmacological activation of REV-ERBα affected lipopolysaccharide (LPS)-induced neuroinflammation in mouse microglia in vitro and in vivo. In BV2 cells or primary mouse cultured microglia, application of REV-ERBα agonist GSK4112 or SR9011 dose-dependently suppressed LPS-induced microglial activation through the nuclear factor kappa B (NF-κB) pathway. In BV2 cells, pretreatment with GSK4112 inhibited LPS-induced phosphorylation of the inhibitor of NF-κB alpha (IκBα) kinase (IκK), thus restraining the phosphorylation and degradation of IκBα, and blocked the nuclear translocation of p65, a NF-κB subunit, thereby suppressing the expression and secretion of the proinflammatory cytokines, such as interleukin 6 (IL-6) and tumor necrosis factor α (TNFα). Moreover, REV-ERBα agonist-induced inhibition on neuroinflammation protected neurons from microglial activation-induced damage, which were also demonstrated in mice with their ventral midbrain microinjected with GSK4112, and then stimulated with LPS. Our results reveal that enhanced REV-ERBα activity suppresses microglial activation through the NF-κB pathway in the central nervous system.
INTRODUCTION
Microglia, a type of macrophage in the central nervous system (CNS), play vital roles in neuroinflammation, a process associated with numerous neurological and psychiatric diseases, including neurodegenerative diseases and psychiatric disorders [1] . When microglia are activated by environmental stimulation, such as microbial components or viral nucleic acids, they produce cytotoxic factors, such as superoxide and nitric oxide, that cause neuronal damage and contribute to brain diseases [2] . Therefore, inhibition of microglial over-activation could be an effective therapeutic strategy for numerous brain diseases. Toll-like receptor 4 (TLR4), a type of pattern recognition receptor, can recognize microbial components, such as lipopolysaccharide (LPS); activate the NF-κB signaling pathway; and subsequently induce expression of inflammatory gene products, such as interleukin 6 (IL-6) and tumor necrosis factor α (TNFα), which play important roles in the innate immune response [3] . Under normal conditions, NF-κB inhibitory protein (IκB) masks the nuclear translocation signal of NF-κB and retains the NF-κB complex in the cytoplasm. Upon inflammatory stimulation, IκB is rapidly phosphorylated and degraded. Then, the released NF-κB translocates into the nucleus and induces transcription of inflammatory genes [4] .
REV-ERBα, the NR1D1 (nuclear receptor subfamily 1, group D, member 1) gene product, is a dominant transcriptional silencer that represses the expression of genes that are involved in numerous physiological functions, including circadian rhythm, inflammation, and metabolism [5] . REV-ERBα represses gene expression by directly binding and recruiting nuclear receptor corepressor (NCoR) and histone deacetylase 3 (HDAC3) complexes to the REV-ERBα response element (RRE) in its target gene promoters and enhancers, such as brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1 (BMAL1), glucose-6-phosphatase catalytic subunit (G6PC), and matrix metallopeptidase 9 (MMP9) [6] . GSK4112 is the first synthetic REV-ERBα-targeting ligand [7] . GSK4112 or other agonists that activate REV-ERBα can inhibit the expression of proinflammatory gene products, such as MMP9, C-X3-C motif chemokine receptor 1 (CX3CR1) and C-C motif chemokine ligand 2 (CCL2) in macrophages, probably via regulation of p38 and ERK pathways [8, 9] . Thus, evidence suggests that activation of REV-ERBα plays a vital role in the peripheral immune system. However, the mechanism by which REV-ERBα regulates neuroinflammation and the role of REV-ERBα in the CNS remains unclear.
In the present study, we demonstrated that pharmacological activation of REV-ERBα suppresses LPS-induced microglial activation both in vitro and in vivo, which is mediated by the NF-κB pathway. In addition, neuroinflammation inhibition via a REV-ERBα agonist protects neurons from LPS-mediated damage.
MATERIALS AND METHODS
Cell culture and drugs Primary microglia were extracted from the newborn mouse cortex and prepared as previously described [10] . In brief, the cortex of newborn C57BL/6 mice was chopped and dissected. Cortex tissues were digested by 0.25% Trypsin (Gibco, Grand Island, NY, USA) and plated on poly-D-lysine-coated bottles (Corning, Tewksbury, MA, USA). Mixed glial cells were cultured in Dulbecco's modified Eagle's media (DMEM)/F12 (Gibco) containing 10% heat-inactivated fetal bovine serum (FBS) (Gibco) and penicillin/streptomycin (100 μg/ mL). After 2 weeks, microglia were separated by shaking the bottles at 150 revolutions per min for 2 h. Separated microglia were plated on poly-D-lysine-coated 24-well plates (Corning) for the next assay. Ethical approval for the harvesting of primary microglia from newborn mice was obtained from the ethical committee of Soochow University. BV2 cells were maintained in DMEM containing 10% heat-inactivated FBS and penicillin/streptomycin (100 μg/ mL). SH-SY5Y cells were cultured in DF12 media containing 10% FBS and penicillin/streptomycin (100 μg/mL). GSK4112 (Sigma, St. Louis, MO, USA), SR9011 (MCE, NJ, USA) and BAY 11-7082 (Beyotime Biotechnology, Shanghai, China) were dissolved with DMSO. LPS (Sigma, St. Louis, MO, USA) was dissolved in saline.
Immunoblot analysis and antibodies
Immunoblot analysis was performed with the following primary antibodies: anti-COX-2, anti-H2B, anti-IκK and anti-iNOS antibodies (Abcam, Cambridge, UK); anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Millipore, Billerica, MA, USA); anticleaved caspase-3, anti-IκBα, anti-p-IκBα, anti-p-IκKα/β (176/180) and anti-p-p65 (S536) antibodies (Cell Signaling Technology, Danvers, MA, USA); and anti-p65 antibodies (Santa Cruz, CA, USA). The secondary antibodies, horseradish peroxidase (HRP)-conjugated sheep anti-mouse or anti-rabbit antibodies (Thermo Fisher, Waltham, MA, USA), were used. The proteins were visualized using an ECL detection kit (Thermo Fisher).
Animal study Male C57BL/6 mice (6-8 weeks of age) were purchased from SLACCAL Lab Animal Ltd. (Shanghai, China). The mice were housed under a 12-h light/dark cycle. All animal protocols were approved by the Animal Committee of Soochow University. Mice were anesthetized and mounted in a stereotaxic apparatus (RWD Life Science Co, Shenzhen, China) that was described previously [11] . GSK4112 was dissolved in DMSO to a concentration of 40 μM and loaded into a 5-µL Hamilton syringe, which is fixed on stereotaxic apparatus. GSK4112 was microinfused into the ventral midbrain (VMB) (AP-3.3 mm, ML ± 1.2 mm, DV-4.6 mm) (2 μL /mouse) at a rate of 0.1 µL/min. Two days later, LPS (1 mg/mL) (2 μL/mouse) was microinfused into VMB (AP-3.3 mm, ML ± 1.2 mm, DV-4.6 mm) in the same manner. Seven days after LPS injection, animals were killed, and brain slices were prepared for immunohistochemistry. All animal experimental operations were performed simultaneously according to the Institutional Guidelines for Animal Use and Care, and all procedures were approved by the Ethical Committee of Soochow University.
Immunohistochemistry
Mouse slices were stained with the anti-IBA1 antibody (Wako, Japan) for microglia or anti-TH (AB152, Millipore) antibodies for dopaminergic neurons followed by an incubation with the rhodamine (red)-conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA) and subsequently observed with an inverted system microscope IX71 (Olympus, Tokyo, Japan). Subcellular fractionation assay for nuclear extraction The procedure was performed as previously proposed [12] . BV2 cells were lysed in a fractionation buffer (320 mmol/L sucrose, 3 mmol/L CaCl 2 , 0.1 mmol/L EDTA, 2 mmol/L MgAc, 1 mmol/L DTT, 0.5 mmol/L PMSF, and 0.5% NP-40) for 20 min on ice and centrifuged at 600×g for 15 min at 4°C. The supernatant included the cytoplasmic fraction, and the precipitate included the nuclear fraction that was then washed with a fractionation buffer without NP-40 and lysed in CLB. Histone 2B (H2B) served as a nuclear marker, and GAPDH served as a cytoplasmic marker.
Immunofluorescence
The immunofluorescent analysis was performed as previously described [13] . Primary microglia or BV2 cells were labeled with the primary anti-IBA1 (Wako, Japan) or anti-p65 antibodies and secondary Alexa Fluor 594 donkey anti-rabbit antibodies (Jackson Immuno Research, PA, USA). The cells were then stained with DAPI (Invitrogen) and were visualized under a fluorescence microscope IX71 (Olympus, Tokyo, Japan) or laser confocal microscope (Zeiss, LSM710, Germany).
MTT assay MTT assays were performed according to the standard protocol from the Cell Growth Determination Kit MTT Based (Sigma, St. Louis, MO, USA). Briefly, after the culture media were removed, the cells were incubated with an amount equal to the original culture volume of MTT dissolved in warmed PBS (0.5 mg/mL) for 3 to 4 h at 37°C in an incubator. Then, the MTT solution was discarded, and an equal volume of DMSO was added to dissolve the formazan. The absorbance was measured at a wavelength of 570 nm by subtracting background absorbance measured at 690 nm.
qRT-PCR Total RNA was isolated from BV2 cells using TRIzol reagent (Invitrogen). cDNA was reversely transcribed from total RNA using PrimeScript RT Master Mix (Takara, Shiga, Japan). qRT-PCR analysis was performed using the 2 −ΔΔCT method. qRT-PCR primers were designed as follows: mouse iNOS: 5′-TCCCAGCCTGCCCCTTCAAT-3′ and 5′-CGGATCTCTCTCCTCCTGGG-3′; COX-2: 5′-CAGGCTGAACTTC-GAAACA-3′ and 5′-GCTCACGAGGCCACTGATACCTA-3′; TNFα: 5′-CA TCTTCTCAAAATTCGAGTGACAA-3′ and 5′-TGGGAGTAGACAAGG-TACAACCC-3′; IL-6: 5′-GAGGATACCACTCCCAACAGACC-3′ and 5′-AAGTGCATCATCGTTGTTCATACA-3′; Bmal1: 5′-CAAGCACCTTCCTTC CAATG-3′ and 5′-GATTGCAGTCCACACCACTG-3′; β-actin: 5′-GAC CTGACTGACTACCTC-3′ and 5′-GACAGCGAGGCCAGGATG-3′. ELISA Cells were pretreated with or without GSK4112 for 4 h and were then cultured for 12 h in the absence or presence of LPS. The supernatants were collected for detections of IL-6 and TNFα using an ELISA kit (BOSTER, Wuhan, China) according to manufacturer's instructions.
Luciferase reporter assay HEK293 cells were co-transfected with a Bmal1-reporter plasmid and Renilla (Promega) using Lipofectamine 2000. 24 h after transfection, the cells were assessed using a dual luciferase assay kit (Promega) and measured using the microplate reader Infinite M1000 Pro (Tecan, Austria GmbH, Groedig, Austria) according to the manufacturer's instructions. Data from three independent transfection experiments are presented. BV2 cells harboring the NF-κB reporter plasmid (pGL6-NF-κB luc, Beyotime, Shanghai, China) were pretreated with DMSO or GSK4112 (40 μM) for 4 h. Cells were then exposed to LPS (100 ng/mL) for 12 h. Then, luciferase activity was measured using an Infinite M1000 Pro (Tecan) microplate reader.
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Conditioned media (CM) BV2 cells were pretreated with or without GSK4112 (40 μM) for 4 h and then exposed to LPS (100 ng/mL) for 12 h. The media were then removed, and the cells were cultured in fresh DMEM for 24 h. Then, CM were filtered through 0.45-μm filters and used to culture SH-SY5Y cells for 24 h. After culture, SH-SY5Y cells were harvested for further experiments.
Statistical analysis Quantitative analysis of immunoblots from three independent experiments was performed using Photoshop 7.0 (Adobe, San Jose, CA, USA). Data were analyzed using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA). Statistical significance was evaluated by t-tests for comparing two groups and one-way ANOVA for all groups. The criterion of Fig. 1 GSK4112 inhibited LPS-induced BV2 cell activation. a HEK293 cells were transfected with Bmal1 and Renilla luciferase reporter and then treated with DMSO or GSK4112 (40 μM) for 16 h. The value of the group without drug (dissolvent only) was set to 1. *P < 0.05, n = 3. b BV2 cells were pretreated with DMSO or GSK4112 (40 μM) for 16 h. Cell lysates were collected to measure Bmal1 mRNA levels by qRT-PCR assay. *P < 0.05, n = 3. c Normalized BV2 cell viability influenced by different dose of GSK4112 (0-80 μM) for 16 h as assessed by MTT assay. d BV2 cells were pretreated with different doses of GSK4112 (2.5-40 μM) for 4 h and then exposed to LPS (100 ng/mL) for 12 h. Cell lysates were analyzed by Western blot for iNOS, COX-2, and GAPDH. The relative band intensity of iNOS and COX-2 to GAPDH were analyzed. *P < 0.05, **P < 0.01, ***P < 0.001, n = 3. e BV2 cells were pretreated with different doses of SR9011 (0-10 μM) for 4 h and then exposed to LPS (100 ng/mL) for 12 h. Cell lysates were analyzed by Western blot for iNOS, COX-2, and GAPDH. The relative band intensities of iNOS and COX-2 to GAPDH were analyzed. **P < 0.01, ***P < 0.001, n = 3. f, g BV2 cells were pretreated with DMSO or GSK4112 (40 μM) for 4 h and then exposed to LPS (100 ng/ mL) for 12 h. Cell lysates were collected to measure iNOS, COX-2, IL-6, and TNFα mRNA levels by qRT-PCR assays. Cultured media were collected to measure IL-6 and TNFα levels by ELISA assays. *P < 0.05, **P < 0.01, ***P < 0.001, n = 3
significance was set as P < 0.05. Values are presented as the mean ± SEM.
RESULTS
Pharmacological activation of REV-ERBα suppresses BV2 cell activation REV-ERBα represses transcriptional activity of the core clock gene Bmal1 through binding to the Bmal1 promoter [14] . We detected Bmal1 luciferase activity in HEK 293 cells and Bmal1 mRNA levels in BV2 cells to identify the pharmacological activity of the REV-ERBα agonist GSK4112. In cells treated with GSK4112, Bmal1 luciferase activity and its mRNA levels were significantly decreased (Fig. 1a, b) , suggesting that GSK4112 activates REV-ERBα activity. In addition, GSK4112 itself did not influence BV2 cell viability up to a concentration of 80 μM (Fig. 1c) . To identify the role of GSK4112 on microglial activation, we examined the effects of GSK4112 on BV2 cells that were treated with LPS. Pretreatment of BV2 cells with GSK4112 significantly inhibited LPS-induced iNOS and COX-2 protein expression levels in a dose-dependent manner (Fig. 1d) . We also utilized SR9011, another agonist of REV-ERBα, to verify the role of REV-ERBα in microglial activation. Similar to GSK4112,
Fig. 2 GSK4112 inhibited LPS-induced microglial activation in vivo.
a Primary cultured microglia were stained using an IBA1 (red) antibody. The nuclei were stained with DAPI (1 μg/mL) (blue). Scale bars, 20 μm. b Primary cultured microglia were treated as described in Fig. 1f . Cell lysates were analyzed by Western blot for iNOS, COX-2, and GAPDH. The relative band intensities of iNOS and COX-2 to GAPDH were analyzed. ***P < 0.001, n = 3. c, d Mice received stereotaxic injection of DMSO or GSK4112 for 2 days and were then stimulated with PBS or LPS for 7 days. Mouse brains were cut into slices, and microglia were stained with an IBA1 antibody. Representative images of IBA1 (red) immunofluorescence staining in VTA are presented at AP −3.3 mm. The nuclei were stained with DAPI (1 μg/mL) (blue). Scale bar, 100 μm. e Intensity of IBA1 immunofluorescence signals in d was analyzed. **P < 0.01, ***P < 0.001, n = 3
SR9011 also inhibited LPS-induced iNOS and COX-2 protein levels (Fig. 1e) . Given the significant anti-inflammatory effects and lack of cytotoxicity noted for GSK4112 at a concentration of 40 μM, we used this concentration for the following study. In the GSK4112 pretreatment group, iNOS and COX-2 mRNA levels were significantly reduced compared to those in control, suggesting that GSK4112 influences iNOS and COX-2 at the transcriptional level (Fig. 1f) . Proinflammatory cytokines are secreted from microglia and play vital roles in mediating the innate immune response in CNS [15] . GSK4112 pretreatment also reduced mRNA levels of proinflammatory cytokines, such as IL-6 and TNFα, in LPS-treated BV2 cells (Fig. 1f) . Moreover, IL-6 and TNFα secretion by BV2 cells was significantly increased after LPS treatment, whereas GSK4112 pretreatment inhibited their secretions (Fig. 1g) .
Pharmacological activation of REV-ERBα suppresses microglial activation in vivo
To further identify the role of GSK4112 in microglial activation, we examined the effects of GSK4112 on inflammation using primary cultured microglia and LPS-treated mice. The purity of primary microglia was examined with the microglial marker ionized calcium-binding adapter molecule-1 (IBA1) (Fig. 2a) . GSK4112 dramatically reduced iNOS and COX-2 expression in LPSstimulated primary microglia (Fig. 2b) . Moreover, microglia in mouse midbrains were significantly activated by microinfusion of LPS; however, GSK4112 pretreatment significantly inhibited LPSinduced microglial activation in vivo (Fig. 2c-e) . Together, these findings suggest that GSK4112 inhibits LPS-induced microglial activation in vitro and in vivo.
Pharmacological activation of REV-ERBα suppresses p65 nuclear translocation The NF-κB signaling pathway is a classic inflammatory pathway [4] .
We assessed whether the anti-inflammatory effects of GSK4112 are mediated by NF-κB pathway. NF-κB nuclear translocation is a critical step for NF-κB pathway activation. Under normal conditions, NF-κB is located in the cytoplasm. After LPS stimulation, IκB was phosphorylated and degraded. Thus, the NF-κB nuclear translocation signal was subsequently exposed [16] . We therefore examined the levels of total and phosphorylated forms of IκBα. The level of phosphorylated IκBα (p-IκBα) increased, and the level of IκBα decreased in response to LPS stimulation (Fig. 3a) . However, GSK4112 pretreatment significantly reduced LPSinduced phosphorylation of IκBα and IκBα degradation (Fig. 3a) . Through immunocytochemical assays, we monitored the subcellular distribution of p65, a subunit of NF-κB, and found that LPS stimulated p65 translocation into the nucleus. However, GSK4112 pretreatment blocked this process (Fig. 3b) . To further assess the inhibition of NF-κB nuclear translocation by GSK4112, we performed subcellular fractionation assays to verify the effects of GSK4112 on p65 nuclear translocation. Consistent with immunofluorescence data, GSK4112 inhibited LPS-induced p65 nuclear translocation (Fig. 3c, d ).
Fig. 3
GSK4112 suppressed p65 nuclear translocation. BV2 cells were pretreated with DMSO or GSK4112 (40 μM) for 4 h and then exposed to LPS (100 ng/mL) for 15 min. a The protein levels of total and phosphorylated IκBα and GAPDH were detected using immunoblot analysis. The relative levels of indicated proteins were analyzed. *P < 0.05, ***P < 0.001, n = 3. b Immunofluorescence was performed to measure nuclear accumulation of the NF-κB p65 subunit in BV2 cells. The cells were labeled with the anti-p65 (red) antibody. The nuclei were stained with DAPI (1 μg/mL) (blue). Scale bars, 5 μm. c Subcellular fractionation assay for nuclear extraction was performed. The nuclear and cytoplasmic fractions of BV2 cells were immunoblotted with anti-p65, anti-H2B and anti-GAPDH antibodies. d The intensities of p65 (nuclear fraction) relative to H2B in c were analyzed. ***P < 0.001, n = 3
Pharmacological activation of REV-ERBα suppresses p65 phosphorylation p65 phosphorylation is a critical indicator of NF-κB pathway activation. IκBα kinase (IκK) is phosphorylated upon LPS stimulation and subsequently phosphorylates p65 [17] . The phosphorylation of serine 536 in p65 represents an active mark for canonical NF-κB activation [18] . In LPS-treated BV2 cells, IκK and p65 phosphorylation increased, whereas GSK4112 pretreatment inhibited this phosphorylation (Fig. 4a, b) . Moreover, we performed luciferase report assays to further identify the effects of GSK4112 on NF-κB transcriptional activity. LPS dramatically enhanced NF-κB transcriptional activity, whereas GSK4112 pretreatment significantly inhibited its transcriptional activity induced by LPS (Fig. 4c) . BAY 11-7082 is an NF-κB inhibitor that inhibits IκBα phosphorylation [19] . We used BAY 11-7082 to investigate whether GSK4112 inhibits microglial activation through the NF-κB pathway. BAY 11-7082 and GSK4112 pretreatment displayed similar anti-inflammatory effects, demonstrating that both inhibited iNOS expression and p65 phosphorylation induced by LPS in BV2 cells (Fig. 4d-f) . However, GSK4112 in combination with BAY 11-7082 could not further enhance its anti-inflammatory effects (Fig. 4d-f) , suggesting that the NF-κB pathway is closely involved in GSK4112-mediated microglial inhibition.
Pharmacological activation of REV-ERBα inhibits microglialmediated neurotoxicity
We further tested whether REV-ERBα-mediated microglial activation has effects on neuronal survival. The CM from LPS-treated BV2 cells induced cellular damage of SH-SY5Y cells, a neuroblastoma cell line. CM from LPS-treated BV2 cells pretreated with GSK4112 reduced cellular toxicity in SH-SY5Y cells (Fig. 5a) . Consistently, MTT assays also demonstrated that GSK4112 decreased the cellular toxicity of CM from LPS-treated BV2 cells (Fig. 5b) . Cleaved caspase-3, an activated form of caspase-3, is a key mediator of programmed cell death [20, 21] . GSK4112 pretreatment of BV2 cells inhibited the activation of caspase-3 in SH-SH5Y cells treated with CM of LPS-stimulated BV2 cells (Fig. 5c) . In mice administered LPS, the number of tyrosine hydroxylase (TH)-immunoreactive neurons in the midbrain was significantly reduced (Fig. 5d, e) . However, GSK4112 pretreatment significantly attenuated THimmunoreactive neuronal loss induced by LPS, suggesting that Fig. 4 GSK4112 suppressed p65 phosphorylation. a BV2 cells were treated as described in Fig. 3 . The protein levels of total and phosphorylated IκK and p65 were detected using immunoblot analysis. b The relative levels of indicated proteins in a were analyzed. **P < 0.01, ***P < 0.001, n = 3. c NF-κB luciferase plasmid was transfected into BV2 cells with AAV. Then, cells were subjected to a luciferase reporter assay. ***P < 0.001, n = 3. d BV2 cells were pretreated with BAY 11-7082 (10 μM) or GSK4112 (40 μM) alone or in combination for 4 h and then stimulated with LPS (100 ng/mL) for 12 h. The protein levels of iNOS, COX 2, and GAPDH were detected using immunoblot analysis. e The relative band intensities of iNOS and COX 2 to GAPDH in d were analyzed. ns, no statistical significance, n = 3. f BV2 cells were pretreated with BAY 11-7082 (10 μM) or GSK4112 (40 μM) alone or in combination for 16 h and then stimulated with LPS (100 ng/mL) for 15 min. The indicated protein levels were detected using immunoblot analysis. The relative levels of indicated proteins were analyzed. ns, no statistical significance, n = 3
GSK4112 protects neurons from microglial activation-induced neuronal death in vivo (Fig. 5d, e) .
DISCUSSION
Circadian rhythms play crucial roles in physiological functions and pathological processes, including neurodegeneration, cancer, and immunity [22] [23] [24] . In addition to functioning in rhythm, circadian proteins have roles in physiological functions independent of rhythm regulation. In our study, we found that pharmacological activation of REV-ERBα suppresses LPS-induced microglia activation through inhibiting the NF-κB signaling pathway. The immune system was disrupted by loss of circadian clock function [24] . The absence of CRY, a protein that is expressed by the activation of its transcription factor BMAL1/CLOCK but inhibits BMAL1/CLOCK by a negative-feedback loop, leads to the elevation of proinflammatory cytokines [25] . Bmal1 or Rev-erbα knockout (KO) mice exhibit aberrant cytokine responses and an increased inflammatory response [26] . Thus, circadian rhythm or circadian proteins that function in a circadian-independent manner may facilitate the inflammatory response.
REV-ERBα functions as a transcriptional repressor in a liganddependent manner. Reduction of intracellular heme (an endogenous ligand for REV-ERBα) levels decreased REV-ERBα-mediated repression of target genes BMAL1, G6PC, and MMP9, impaired the recruitment of NCOR to REV-ERBα target gene promoters and decreased the interactions between REV-ERBα and the NCOR-HDAC3 co-repressor complex in cells [6, 27] . GSK4112 increases the binding of NCOR to REV-ERBα in a concentration-dependent manner [28] . and promotes the recruitment of HDAC3 to the G6PC promoter or NCOR to the BMAL1 promoter [29, 30] , which is involved in the repressive effects of the compound on REV-ERBα target genes. Activation of REV-ERBα by GSK4112 blocks TNF-induced astrocyte activation, as evidenced by reductions in Fig. 5 GSK4112 inhibited microglial-mediated neurotoxicity. a SH-SY5Y were cultured in different BV2 CM for 24 h and then assessed by microscopy. Scale bar, 20 μm. b Normalized SH-SY5Y cell viability influenced by different BV2 CM as assessed using the MTT assay. ***P < 0.001, n = 3. c Cleaved caspase-3 and GAPDH protein levels were detected via immunoblot analysis. The intensity of cleaved caspase-3 relative to GAPDH was analyzed. ***P < 0.001, n = 3. d Fluorescence-TH (red) staining of a representative brain section of mice is presented at AP −3.3 mm. The nuclei were stained with DAPI (1 μg/mL) (blue). Scale bar, 50 μm. e Quantification of TH-positive cell numbers in midbrain in d was analyzed. Scale bar, 100 µm. ***P < 0.001, n = 3
TNF-induced MMP-9 and CCL2 [31] . Thus, data suggest that REV-ERBα is involved in the regulation of the expression of circadian genes, such as BMAL1, and the activation of astrocytes via multiple pathways. In our study, REV-ERBα activation by GSK4112 inhibited iNOS and COX-2 expression as well as IL-6 and TNFα production in LPS-treated microglia. This finding further suggests a role of REV-ERBα in the regulation of immune cells in response to stimulation. The NF-κB signal has been documented to be regulated by circadian clockworks. NF-κB signaling is activated in Cry1-or Cry2-deficient cells [25] . Interestingly, CLOCK increases NF-κB activity and the role of TNF in the absence of BMAL1, suggesting a circadian rhythm-independent role of CLOCK in the regulation of NF-κB activity [32] . In peritoneal cells lacking BMAL1 (transcriptional factor of REV-ERBα), phosphorylation of p65 after LPS treatment was increased to levels greater than those noted in control cells [33] . Knockout of the retinoid-related orphan receptoralpha (RORα), which is a potent competitive repressor of REV-ERBα, decreases cytokine production, and RORα inhibition decreases the inflammatory profile and suppresses atherosclerosis [34] . In contrast, REV-ERBα activation by SR9009 decreases cytokine production via inhibition of the NF-κB pathway and promotes survival in myocardial inaction animals [35] , suggesting inhibitory effects of REV-ERBα on the NF-κB pathway. In our study, GSK4112 pretreatment inhibited the phosphorylation and nuclear translocation of p65 in microglia, suggesting a role of REV-ERBα in the regulation of microglial activation. In addition, GSK4112 decreased LPS-induced neuroinflammation and dopaminergic (DA) neuronal loss in the VMB. In cultured primary microglia, GSK4112 inhibited inflammatory factor production, thus reducing microglial CM toxicity to neurons. Our study provides a potential therapeutic method by targeting REV-ERBα for antineuroinflammation.
